A method to improve blast furnace efficiency and make it sustainable is to lower the temperature of the iron oxide reduction using a highly reactive coke. Understanding the role of coal rank, maceral composition and mineral matter in coke in the gasification reaction under these new conditions is of major importance. Four cokes prepared from Australian coals of varying rank, maceral composition and ash composition were gasified with carbon dioxide. The rank and maceral composition of the parent coals did not appear to be related to the reactivity of the cokes. However, coke reactivity increased with increasing total amount of catalytic minerals in crystalline phases such as metallic iron, iron sulfides. Calcium sulfide could be a potential catalyst for the gasification reaction. Iron, potassium and sodium present in the amorphous phase did not appear to have any effect on coke reactivity. Calcium was present only in the crystalline phases. Knowing the form and amount of the mineral phases that catalyse the gasification reaction in coke would improve the ability to predict coke reactivity. This knowledge would contribute to more efficiently matching cokes to blast furnace requirements.
Introduction
To make the blast furnace ironmaking process route more environmentally sustainable it is essential to reduce its energy consumption and greenhouse emissions. Yagi et al. 1) and Naito et al. 2) have shown that lowering the temperature of iron oxide reduction from 1 000°C to 800-900°C, using a highly reactive coke, can improve reduction efficiency and effectively lower the energy consumption. However, coke gasification at lower temperatures can lead to a reduction in coke strength 1) lessening its ability to provide support for the ferrous burden and permeability for gas and liquids. Nomura et al.
3) used a coke with high calcium content in a commercial blast furnace. Although the coke was very reactive it maintained its strength. They believe that using cokes with high concentration of catalysts can be a way to improve the reaction efficiency of the blast furnace. Therefore, a good understanding of the factors that control gasification of coke at low temperatures (800-900°C) is very important.
Previous studies have shown that the rank, maceral composition and mineral matter of the parent coal are the main factors affecting coke reactivity. Of these three parameters, the influence of mineral matter is least understood. Although previous studies have concentrated on elemental ash composition it has been recognized 4) that the forms of the mineral matter in the coke play an important role in controlling coke reactivity. There is currently limited information available in the literature about the form and the relative concentration of minerals present in the metallurgical cokes.
Metallurgical coke has a porous carbon structure and typically contains about 10 % mineral matter. Coal rank 5) and coking conditions are considered the main factors that influence coke texture, which in turn affects coke reactvity. [6] [7] [8] Maceral composition of coals also has an effect on the type of texture formed in cokes. 8) Coke anisotropy formed from the macerals that fuse during the carbonization process is directly related to the coal rank. High rank coals produce cokes with large mosaic microtexture; fine mosaic microtexture being characteristic of the cokes made from low rank coals. 9) There is also some evidence that mineral matter modifies coke texture formation. Gray and Champagne 10) have observed a decrease in size of the coke anisotropic microtexture in the vicinity of dehydrated clays, pyrrhotite and metallic iron. Most investigations 4, 8, [11] [12] [13] agree that the isotropic microtexture reacts more readily with carbon dioxide than the anisotropic microtexture. Flow type anisotropic microtexture and coarse mosaic showed a relatively strong resistance to carbon dioxide attack. Medium mosaic was consumed more rapidly and fine mosaic, isotropic microtexture and inertinite were the most reactive components.
It is generally agreed that coke gasification reactions follow the Langmuir-Hinshelwood mechanism as given below:
where, C f and C(O) are the free carbon site and the oxygen atom chemisorbed onto a carbon atom, respectively. The rate-determining mechanism for coke gasification is Reaction 1.
14,15)
Only a part of the total surface of the pores, known as the active surface area, participates in the gasification reactions. 16) Carbon edges, dislocations, inorganic impurities and oxygen functional groups are considered active sites because these can chemisorb a gas phase through electron transfer.
16) The density of carbon edges of the isotropic microtexture is greater than that of the anisotropic microtexture, which can explain the reactivity of the isotropic microtexture being greater than the anisotropic one. 17) Ash composition has been considered an important parameter in coke reactivity. 7) Iron, 5) calcium and potassium oxides are known to act as catalysts in the gasification process.
12) But iron, calcium and potassium are generally not present in the coke as oxides only; other forms, such as metallic iron, pyrrhotite and apatite are also known to occur in coke. Transition metals, their oxides, alkali and alkaline earth metal compounds exhibit catalytic activity during gasification reactions. 18) Metallic iron 19, 20) was considered a very efficient catalyst for the gasification reaction. Pyrrhotite was shown by Vandezande 21) to be a catalyst of the gasification reaction, as well. Hematite was found to catalyse the reaction. 5) Magnetite was not considered by Walker et al. 20) as catalyst, but Price et al. 22) observed an increase in coke reactivity with increasing magnetite content. Apatite, a calcium mineral often present in coke, does not affect the gasification reaction rate. 22) Potassium and sodium are mainly bound in alumino-silicates such as the alkali feldspars, and these did not show catalytic activity in the tests performed by Price et al. 22) Therefore, the mineral forms in which the catalytic elements occur in the coke and their amounts need to be known in order to predict the reactivity of coke.
The aim of the present study is to assess the effect of rank, maceral composition and mineral matter of the parent coal on coke reactivity and to determine their relative importance in the gasification process. The mineral forms present in coke will also be identified and their relative proportions will be determined.
Coke Preparation and Characterisation

Characterisation of Parent Coals
Four Australian bituminous coals were selected for this study. The selection was based on their rank, maceral composition and inorganic matter. Two coals B and C had similar rank and maceral composition. Coals F and G had similar rank but different maceral composition. Coals F and G had higher rank than that of coals B and C. The ash composition varied widely between all coals. In Table 1 the proximate analysis, ash analysis and petrographic analysis are listed.
Coke Preparation
The coals were crushed by a Jaw-Crusher to Ϫ6 mm. The coke oven was a cylindrical retort of 9 kg capacity heated by an electrical furnace. The bulk density of the dried coal charge was around 850 kg/m 3 . The retort was inserted into the furnace after the furnace wall temperature had reached 1 050°C. After the temperature of the centre of the charge had reached 900°C, the retort was held in the furnace for a further 50 min to raise the temperature up to 1 050°C in the centre of the charge. The total time in the furnace was about 3 hours. The retort was then removed from the furnace and allowed to cool in a nitrogen atmosphere. The prepared cokes were then crushed to Ϫ1 mm and then the 0.6-1.0 mm fraction was used to carry out the reactivity test. In Table 2 the proximate analysis and ash analysis of these coke fractions are given.
Surface Area Measurement
Micropore surface area of the raw and reacted cokes was measured using carbon dioxide adsorption technique. In Table 1 . Coal characterisation (percentage in coal). this test carbon dioxide was adsorbed onto the pore surface at 273 K. Carbon dioxide provides a better characterization of the narrow microporosity (pore diameter less than 2 nm 23) ) than nitrogen, 24, 25) as the diffusion of the carbon dioxide into the finer micropores at 273 K is faster than the diffusion of nitrogen at 77 K. 23, 24) Therefore, in this paper carbon dioxide surface area was used to calculate intrinsic reactivity. The Dubinin-Astakhov equation was used to determine the total surface area of the samples.
Mineral Characterisation
The mineral phases present in these cokes were identified using X-ray diffraction analysis. The cokes were ashed at low temperature (120°C) using radio-frequency oxygen plasma ashing to remove the carbon with minimal alteration of the mineral species (low temperature ashing, LTA). The XRD analysis of the cokes was carried out on a Philips PW1050 goniometer using CoKa radiation at 45 kV and 30 mA, with step scans from 3-90°2q, a step interval of 0.04°2q and a 10 s count time per step. SIROQUANT TM , 26) a personal computer quantitative X-ray diffraction analysis software package, was used to quantify the minerals in the ash. The software was developed by CSIRO and uses the full-profile Rietveld method of refining the shape of a calculated XRD pattern against the profile of a measured pattern. The total calculated pattern is the sum of the individual phase calculated patterns. A typical plot from SIROQUANT is shown in Fig. 1 . The mineral phase quantification error is typically less than 0.3 % in the LTA samples, which translate to less than 0.03 % on a coke basis.
Experimental-Reactivity Test on Cokes
The Reactivity Reactor System
Coke specimens were dried at 105°C overnight and then a 1.4 g specimen was taken for the reactivity test. The fixed- bed reactor was designed and constructed by CSIRO.
27,28)
Figure 2 shows a schematic diagram of the fixed-bed reactor system. The reactor system comprised of a fixed bed of sample supported in a quartz reaction tube by a sintered glass frit. The quartz tube was placed in an electrically heated furnace. The reactant gas passed through the sample bed from top to the bottom at a flow rate of approximately 0.750 L min
Ϫ1
. A mass-flow controller controlled the flow rate of the gas. The design of the reactor allows for a thermocouple to measure the temperature in the centre of the sample bed. Before entering into the reactor, the reactant gas (carbon dioxide) was passed through an oxygen trap and a Drierite column to remove traces of oxygen and moisture, respectively. The concentration of carbon monoxide in the exhaust gas was measured continuously using an infrared analyser, and recorded by a computer system. The temperature of the sample was also recorded. The reaction temperature was selected on the basis of the reactivity of the coke, so that the percentage of carbon monoxide in the outlet gas did not exceed 1 %. Low concentration of the product is necessary so it does not affect the reaction rate. 27, 29) For these samples the temperature chosen ranged between 873°C and 923°C for the most reactive and the least reactive coke, respectively. The fixed-bed reactor system also allows the activation energy to be measured for every experiment. In order to do this the power of the furnace was switched off and the reaction rate was measured as the temperature decreased. The weight loss of the sample was insignificant during this period (less than 1 %). The repeatability error of the experiments was less than 10 %.
Reaction Rate Computation
The apparent reaction rate (r a ) was calculated according to Eq. This method for calculating the mass loss was based on the concentration of product (carbon monoxide) and the gas flow rate. Carbon monoxide production (n CO ) at a given instant was determined according to the Eq. (2) (2) where P (atm) is the pressure of the gas in the reactor, [CO] is the concentration of carbon monoxide at this instant, F (L s Ϫ1 ) is the measured gas flow rate, R (J K Ϫ1 mol
Ϫ1
) is the universal gas constant and T (K) is the temperature of the gas.
Using the carbon monoxide production values from the IR analyser, the rate of carbon loss (r) at any instant can be calculated from Eq. (3) (4) Equation (1) can be rewritten as a function of the weight loss of the sample and rate of carbon loss. Therefore, the apparent rate at any instant can be calculated by Eq. (5) (5) where m 0 is the initial weight of the sample.
Verification of Regime I Conditions (Chemical
Control) It was important for this work that the reactivity measurements were made under well defined conditions where the chemical process controlled the reaction rate. Under chemical control conditions, the reaction rate should not be affected by sample particle size and gas flow rate. Previous studies by Harris and Smith 27, 28) showed that the reaction rate of coke with carbon dioxide at 800°C and 890°C respectively was not affected by coke particle size between 0.2-2.0 mm and the reactant gas (100 % CO 2 ) flow rate between 500-1 000 mL min Ϫ1 at atmospheric pressure. For this work the effect of the particle size and gas flow rate through the reactor on the reaction rate was rechecked. Table 3 lists the apparent reaction rates of cokes F and C at different gas flow rate and particle size. Varying the size of the particles from 0.212 to 1.0 mm did not change the reaction rate significantly. This means the partial pressure of the reactant gas could be considered uniform through the coke particle. Also, changing the gas flow rate through the sample bed did not change significantly the rate of reaction. It can be concluded that the product gas (CO) is removed rapidly from the reaction site and did not inhibit the reaction. Moreover, the relative density of the sample showed a linear relationship with burn-off (Fig. 3) , which means the particle size did not change during reactivity test. This is a typical characteristic of chemically controlled reactions.
Results and Discussion
Measurement of the Activation Energies
The activation energies were measured to provide additional information about reaction conditions and to normalise the reaction rates of the cokes during the experiment to a selected temperature.
The reaction rate could be expressed as an where E a (J mol
Ϫ1
) is the activation energy, A (g g Ϫ1 s
) is the pre-exponential factor, R (J K Ϫ1 mol
) is the universal gas constant and T (K) is the coke bed temperature. The apparent activation energy was calculated from the slope of the straight line obtained by plotting lnr a against 1/T. The intercept of the line at 1/Tϭ0 (ln A) gives us the pre-exponential factor. An example of a graph of ln r a against 1/T is shown in Fig. 4 . The activation energy values determined for each experiment are presented in Table 4 .
The activation energy values were in the range 216-266 kJ mol
. The magnitude of these numbers was consistent with the data available in the literature for chemically controlled reaction rates: the activation energies of the reaction of metallurgical coke with carbon dioxide reported by Harris and Smith 27) and Pang et al. 30) were in the range 216-239 kJ mol Ϫ1 and 215-240 kJ mol
, respectively. The reactions were carried out at 890°C and 900°C, respectively; the range of temperature for the activation energy measurement was not specified for these experiments. Laurendeau 16) reported the activation energy of the reaction of coke with carbon dioxide measured by Blake in a previous study. In this case the activation energy was calculated to be 239 kJ mol
; the temperature range was 850-900°C for this measurement.
Apparent Reaction Rates
The reactivity of the cokes at a fixed temperature was calculated using Eq. (8) (8) where r 2 is the reaction rate at 900°C, r 1 is the measured reaction rate, T 2 is the selected temperature (900°C) and T 1 ρ ρ Figure 5 shows the apparent reaction rates, normalised at 900°C, versus carbon conversion. The apparent reaction rate of the cokes samples increased with increasing carbon conversion. , respectively. Coke F was the most reactive followed by coke C; both cokes B and G had a similar and relatively low reactivity. Coke F was made from a coal with a similar maceral composition to the parent coal for coke B but of higher rank. However, coke F showed a reactivity four times greater than coke B. On the other hand, coke C was two times more reactive than coke B, even though they were made from coals of similar rank and maceral composition. Although rank has been identified in the literature as an important factor that affects coke reactivity, rank differences were not responsible for explaining the variation in gasification rates in this series of cokes. Previous studies 4, [11] [12] [13] have indicated that inertinite in the coke is very reactive to carbon dioxide. Even though the inertinite content in the parent coal of coke G was double that of coke F (F and G same rank), coke F was more reactive than G. Hence, the different reactivity of coke F and G could not be explained by differences in maceral composition of their parent coals.
Intrinsic Reaction Rates
The intrinsic reactivity was determined to remove the influence of the surface area of coke. Intrinsic reactivity was calculated dividing the apparent rate of the reaction by the surface area. The surface areas of the cokes were measured before and after reaction using carbon dioxide ( Table 6 ). The surface area of cokes B, C and G was in the range 1.6Ϫ2.9 m 2 g
Ϫ1
. Coke F had very high surface area (37 m 2 g
). Since the preparation procedure was similar for all cokes, the preparation procedure cannot explain the difference in surface area, and therefore the variations in surface area of the coke must be due to variations in the intrinsic properties of the coal.
The initial and final intrinsic reactivity of the cokes are given in Table 7 . The final intrinsic reactivity (15 % conversion) of the cokes was one order of magnitude smaller than the initial intrinsic reactivity with one exception coke F. This appeared to reflect that fact that the measured CO 2 surface areas of the cokes increased by a factor of about 30 from 0 to 15% burnoff, except coke F, whose increase was only a factor of 4. This result is consistent with Pang et al. study, 30) which shows intrinsic reactivity decreased with increasing carbon conversion up till 20 % and then remained constant. Both initial and final intrinsic reactivity varied to a great degree and did not show any trend with rank and maceral composition (Fig. 6) . Coke from coals of similar rank had different intrinsic reactivity. Coke C had an initial ρ ρ intrinsic reactivity twice that of coke B, and coke G had an initial intrinsic reactivity three times greater than coke F. The final intrinsic reactivity of coke C was slightly greater than that of coke B but the final intrinsic reactivity of coke F was twice that of coke G. Cokes from coals of higher rank showed similar and greater reactivity than coke from coals of lower rank. Coke B had a similar initial intrinsic reactivity (approximately 12ϫ10 Ϫ7 g m Ϫ2 s
) with coke G. Coke F had a greater final intrinsic reactivity than cokes B and C. The difference in maceral composition of the parent coal of cokes F and G, which are similar in rank, did not indicate any relationship. The initial intrinsic reactivity of coke G was higher than that of coke F, but the final intrinsic reactivity of coke G was lower than that of coke F. Surface area does not fully explain the difference in reaction rate between the coke samples. One reason for this variability could be due to the definition of surface area.
The apparent and intrinsic reactivity of cokes used in this study were not correlated to rank or maceral composition of the parent coal, or its carbon dioxide surface area.
Because of the relatively small surface areas encountered for these cokes, and the quite different surface areas measured by the different methods, the percentage error in surface area estimation of cokes is large. There therefore appeared to be no advantage in converting apparent to intrinsic reaction rate in this study and apparent rates were therefore more intensively investigated.
The Effect of Inorganic Matter on the Reaction Rate
Iron, calcium, potassium and sodium have been identified in previous studies as catalysts of the reaction of carbon with carbon dioxide. In this study the iron oxide percentage varied between cokes (Table 2) . Coke F, which was the most reactive, had the greatest iron percentage (1.14 % in coke). However, coke G had twice the iron content (0.66% in coke) of coke B (0.31% in coke) but both had a similar initial apparent rate. Calcium and potassium content in cokes C, F and G were almost identical but these cokes had different reactivity. Coke B, C and F had different reactivity but sodium levels in these cokes were comparable. Therefore, the ash (expressed as oxides) could not be used to predict coke reactivity.
In the coke the inorganic matter is rarely present as oxides but usually occurs as mineral phases. The crystalline mineral phases of these cokes were identified using X-ray diffraction analysis. The identification of the mineral phases in coke is difficult because of the high percentage of carbon (about 90 %), which produces peaks with high intensity and reduces the intensity of the mineral phases through dilution. Therefore, a mineral matter sample was prepared for X-ray diffraction analysis using radio-frequency oxygen plasma ashing to remove the carbon. Figure 7 shows the XRD pattern of the LTA samples, in which it can be observed that both the nature and abundance of the mineral species varies between the cokes. Table 8 were present in some of the cokes. The major crystalline phases in the LTA were quartz, mullite and fluorapatite. The remainder individually accounted for less than 2% of the ash with two exceptions jarosite and pyrrhotite in coke F, which were 4.3 % and 4 %, respectively.
Although low temperature ashing is a good way of preparing mineral matter from coke with minimal alteration, some minerals can be affected by the ashing procedure. Bassanite, coquimbite and jarosite are considered to be mineral phases formed during the ashing process, most likely from oldhamite and pyrrhotite, respectively. They are oxidized forms and are not present in any of the raw cokes. In jarosite peaks at 17.11 and 20.28 deg., respectively, have significant relative intensities of 80 and 60 %, respectively. These peaks appear in the LTA pattern but not the raw coke pattern. Using this procedure it was found that neither jarosite nor bassanite were present in any of the four raw cokes. Coquimbite peak (12.44 deg.) was not observed in the XRD patterns of the raw cokes either. Consequently, the mineral phase compositions have been recalculated with bassanite and jarosite being proportioned to oldhamite and pyrrhotite, respectively. Table 9 lists the recalculated mineral composition of the cokes expressed on a coke basis.
As mentioned in the introduction section, metallic iron, iron oxides and pyrrhotite have been identified in the literature as gasification catalysts. By inspection of Table 9 it is clear that the most reactive coke, coke F, contains the largest amount of these catalysts 0.779 % (0.161 % Fe and 0.618 % Fe 1Ϫx S). The total content of the above mentioned catalysts present in the coke C, which was the coke with the second highest reactivity, was 0.23 %. Coke B and G, the least reactive cokes, had the lowest levels of catalyst: 0.065 % and 0.131 %, respectively. Iron phosphate, another crystalline iron mineral identified in all cokes, are not known to be catalysts. It is present in low levels in these cokes, less than 0.0 9 %. Even though oldhamite is not known to catalyse the gasification reaction it is possible at 900°C that it reacts with carbon dioxide and forms calcium oxide, which is known to catalyse the gasification reaction. The reaction of oldhamite with carbon dioxide is exothermic at 900°C (DGϭ Ϫ62.77 kJ/mol); therefore the reaction is thermodynamically possible. Most calcium is present as fluorapatite. Fluorapatite is not a catalyst of the gasification reaction. 22) Akermanite and diopside are not known to be catalysts of the gasification reaction. The relationship of the catalyst concentration in the coke with initial apparent rate did not change when CaS was included as a catalyst ( Fig. 9(b) ). Leucite, the only crystalline mineral phase of potassium in coke, was present only in cokes B and G. No crystalline sodium mineral phases have been found in the investigated cokes.
The mineral phases in coke comprised both crystalline and amorphous forms. SIROQUANT analysis revealed that the amorphous alumino-silicate phase in the coke accounted for 44 to 75 % of the mineral matter of the cokes. [31] [32] [33] Some minerals such as mullite, iron oxides, leucite may have formed as a result of the clay mineral decomposition but the main product is an amorphous alumino-silicate phase. The percentage of the oxides of the elements present in the amorphous phase was calculated by the difference between the total percentage of the oxides of the elements from the ash analysis and the percentage calculated to be present in the crystalline mineral phases (Table 10) . Table 10 shows that the elements investigated are found mostly in the amorphous mineral phases with a few exceptions. Calcium is fully accounted by the crystalline phases and is therefore not present in the amorphous material. The Table 8 . Mineral phases identified in the low temperature ash (LTA) samples and their relative concentrations. negative values in the table, which represent the percentage of calcium as oxide in amorphous form, are attributed to random small errors in the X-ray diffraction analyses and the assumption of stoichiometric composition of the mineral phases, which may not be correct. In the cokes C and G a small percentage of calcium appears as amorphous phase (0.02% and 0.03%, respectively), but it is not certain whether or not this is an analysis or calculation error. Another possibility is the occurrence of organically bound calcium, which though present in low rank coals is unlikely in bituminous and higher rank coals. In all the cokes investigated iron and potassium are present mostly in the amorphous phase and sodium is present in the amorphous phase only. The effect of the amorphous phases on gasification reaction is not known. The levels of iron, sodium and potassium as amorphous phases in coke F (0.46%, 0.03% and 0.05 %, respectively) are almost similar with those in coke G (0.47 %, 0.07 % and 0.05 %, respectively). Thus it appears unlikely that the amorphous material is responsible for the difference in reaction rate between coke F and G. The relationship between total iron, potassium and sodium in the amorphous phase in the coke and initial apparent rate is shown in Fig. 10 .
The amount of the mineral phases with catalytic activity provides better information about coke reactivity than the rank and maceral composition of the parent coal. The abundance of the mineral phases with catalytic activity during gasification reaction is lower than the elemental abundance in the ash analysis. Knowing the form and amount of the mineral phases that catalyse the gasification reaction in © 2006 ISIJ Tabel 9. Recalculated mineral phase compositions as weight percentages in the respective cokes. coke would improve the ability to predict coke reactivity. This knowledge would contribute to more efficiently matching of cokes to blast furnace requirements.
Conclusions
From a study of four cokes made from Australian coals it was found that:
• The rank and maceral composition of the parent coals did not appear to be related to the reactivity of these cokes to carbon dioxide at 900°C; • Ash analysis on its own could not identify the catalytic material and its amount in the coke; • The composition of the crystalline mineral phases varied strongly between the cokes; • Not all iron, calcium, potassium and sodium crystalline mineral phases present in the coke catalyse the gasification reaction; • Coke reactivity increased with increasing total amount of catalysts in the crystalline phases. In this series of cokes the most likely materials responsible for the variation in coke reactivity are metallic iron and iron sulfides with a possible contribution by iron oxides and calcium sulfide; • Iron and potassium are mostly present in the amorphous alumino-silicate phase. Calcium is completely accounted for crystalline minerals, while sodium is present only in the amorphous phase; • The composition of the amorphous material did not explain the variation in coke reactivity during gasification. 
